We performed an integrated survey using ground penetrating radar (GPR), shallow high-resolution reflection seismic and dipole-dipole electrical resistivity methods in order to characterize a site slated for roadway development. The intent of this project was to investigate the subsurface and determine the structure of the dolomite bedrock along a proposed expansion area for Highway 63, near Cabool, Missouri. We acquired a total of 68 GPR profiles to cover the area of highest interest, including a sinkhole visible at the time of the survey. Five high-resolution seismic reflection profiles and four multi-channel resistivity lines were positioned along key GPR survey lines. The soil to weathered bedrock interface appears as high amplitude disturbed reflections and diffractions on the GPR profiles. The seismic images contain anomalous sections of bedrock represented by diffractions and missing or offset reflections. Pseudo-section resistivity data indicates highly resistive regions within the subsurface that correlate with areas of concern on both the seismic and GPR data. We ranked areas based on whether one, two, or all three of the methods indicated anomalies. Five of these areas were drilled and it was found that two of the holes encountered void space, while the other three encountered heavily f ractured bedrock. The results of this survey and the resulting core data will help to determine what, if any precautions must be taken for using this area to expand the highway.
Figure 2. GPR data was acquired to image a nominal depth of 6m. However, noise in the subsurface limited interpretation to the upper 2.5m. Several regions of depressions or channels were observed across much of the data. Often these features were associated with dipping beds. Two large regions of the site exhibited low amplitude reflections.
investigate the subsurface and determine the structure of the dolomite bedrock with particular interest in finding possible voids along the proposed expansion area for Highway 63 north of Cabool, Missouri. UMR acquired 50 GPR profiles across the study area covering the area of highest interest, including a sinkhole visible at the time of the survey. The profiles were spaced one meter apart and were either 54 or 108 meters in length as shown in figure 1. Five seismic lines were located along GPR lines 50, 38, 26, 14, and 2 and four resistivity lines along GPR lines 38, 26, 14, and 2. These lines began on the south end of the site and were acquired parallel to Highway 63. GPS was used to determine the position of the lines at the site.
Both ground-penetrating radar and the shallow seismic method proved to be useful in defining the shallow bedrock structure. The soil to weathered bedrock interface appears as high amplitude disturbed reflections and diffractions on the GPR profiles. The seismic method appears to have imaged the deeper weathered bedrock to solid bedrock interface. This interface contains anomalous sections represented by diffractions and missing or offset reflections. Resistivity data displays highly resistive regions within the subsurface that correlate with areas of concern on both the seismic and GPR data. We have recommended that the Missouri Department of Transportation acquire ground truth in these locations to both validate the interpretations and provide additional information with which revised depth interpretations can be made.
OVERVIEW OF GROUND PENETRATING RADAR
Utilizing a GSSI Subsurface Interface Radar (SIR) System 10B and a 200 MHz antenna, we acquired 50 GPR profiles along a grid set up at the southern end of the site. Each profile, spaced at one-meter intervals, had a length of either 54 or 108 meters as shown in figure 1. The GPR unit employed at the site uses a broadband pulse radar system and is capable of detecting subsurface soil interfaces and objects. The GPR pulse travels through the subsurface until it reaches an interface or an object with different electrical properties. Some of the pulse is reflected back to the surface to be recorded by the control unit, and some continues on into the subsurface. A ground speed of about 1 m/s was used with data acquisition set at 25 scans/sec allowing horizontal resolution on the order of several centimeters. Profile spacing of one-meter allowed anomalies to be correlated from line to line. A two-way time range of 120 nanoseconds (ns) with the 200 MHz antenna allowed nominal depth of penetration to be calculated at 6m below the surface assuming a dielectric constant of 9. The amount of water in the soil affects the conductivity of the ground and thus the actual penetration of the SIR pulse. More water will increase the conductivity and decrease the depth of penetration (Daniels, 1996; Cardimona et al., 1998a) .
Other acquisition parameters include a four-point automatic gain applied to boost signal arriving at later times. Vertical and horizontal infinite impulse response (IIR) filters, applied at the time of acquisition, helped remove some of the constant background noise. After being downloaded from the field computer, the data underwent several processing steps including horizontal normalization, predictive deconvolution, and horizontal and vertical filters. Figure 2 shows an example GPR data profile after processing.
OVERVIEW OF HIGH-RESOLUTION SHALLOW SEISMIC
The conventional seismic reflection technique uses acoustic wave energy to image the subsurface. The wave energy is transmitted into the subsurface where some of the energy reflects off of interfaces and is recorded at the surface, and some continues deeper into the subsurface. A velocity/depth model of the subsurface is constructed based on the velocities of the propagating energy and the travel times. A constant reflection is associated with strong interfaces such as a soil to bedrock interface (Telford et al., 1976; Anderson, et al, 1998) . Where this interface is disturbed due to dissolution, voids, fractures, or faults, the reflection is replaced by a weaker reflection or by diffractions.
Figure 3. Seismic data imaged the solid bedrock interface. This interface contains anomalous sections represented by diffractions and missing or offset reflections. Many of these anomalies directly correlate with GPR anomalies and highly resistive regions.
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Forty-Hertz geophones measured the acoustic energy produced from a sledgehammer source. Five-foot geophone and source spacing allowed high-resolution data in the shallow subsurface to be acquired. A 20ft near offset recorded energy with a minimum amount of groundroll and refraction energy. Data quality limited depth of interpretation to approximately 30m, which was sufficient for mapping the shallow bedrock.
Data processing included muting to remove first arrival and refraction data that can mask the true reflection data; and time-domain and frequency/wavenumber domain filters to remove both cultural and natural noise. Enhancements were made with an automatic gain control and residual static corrections. Figure 3 displays the final processed seismic lines.
OVERVIEW OF THE DIPOLE-DIPOLE RESISTIVITY METHOD
The resistivity method is based on the earth's response to the flow of electrical current. Electrical current is introduced into the ground through a pair of current electrodes. Pairs of potential electrodes then measure the resultant potential difference. Based on the potential difference measured by those electrodes, an apparent resistivity of the subsurface can be calculated. Compact soils or rock units will lack water content and have a resistive nature. Regions where the soil or rock is weathered and filled with water will tend to decrease the measured resistivity. However, if the weathered soil or rock contains pockets of air-filled voids, the resistivity will increase due to the resistive nature of air (Telford, 1976; Kearey and Brooks, 1991; Cardimona et al., 1998b) .
Four Resistivity lines were acquired at the site beginning on GPR lines 38, 26, 14, and 2 and extending north of the GPR grid. These four lines correlate with seismic lines 2, 3, 4, and 5 (Figure 1) . No resistivity data were acquired over seismic line location 1. 
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A Zonge Engineering XMT-16 Transmitter Controller delivered the alternating current source through current electrodes spaced 10 meters apart (15 meters for line 2). A Zonge Engineering GDP-16 Data Processing unit measured the potential differences across seven potential electrode pairs spaced 10 meters apart (15 meters for line 2).
The potential difference data are plotted as apparent resistivities in pseudo-section (Figure 4 ). These resistivity values are averages over the total current path length and are plotted at one depth point for each source-receiver combination.
RESULTS OF THE GEOPHYSICAL INVESTIGATION

Ground-Penetrating Radar
All 68 GPR profiles imaged an interface at approximately 1 to 2 meters in depth based on an estimated dielectric constant of 9. This interface is interpreted to be that of the soil to weathered bedrock (dolomite) contact. An interface such as this should produce a non-continuous region of reflectors and diffractions caused by loose rock and intermixed soil. Concern lies in those areas where the signature of this weathered interface changes or disappears. These areas have been plotted in Figure 5 . At some locations the interface appears to be replaced by localized channel features or depressions. Many of these features appear to correlate from line to line. The location of the known sinkhole lies in the vicinity of one such feature. Surrounding these depressions are dipping beds possibly indicating dissolution in or below the features. Weak or missing reflections from the interface occur across parts of the site and may indicate where the interface between soil and weathered bedrock becomes suddenly deeper or is missing. Although our time window was set to record to a depth of approximately 6m, no reflections were visible deeper than 2.5m due to signal attenuation and a decreasing signal to noise ratio.
Shallow Reflection Seismic
Five seismic lines were acquired, each imaging a reflection across the site at depths between 3 and 9 meters. This is based on an estimated near-surface velocity of 610m/s (2000ft/s). The reflection is interpreted to be that of the interface between weathered and solid bedrock (Figure 3) . Line 1 shows this bedrock reflection to vary between an estimated depth of 3 and 7 meters. The interface here is relatively
Figure 5. GPR data anomalies are plotted with solid black indicating those sections where a channel or depression was interpreted. Dipping beds were often associated with those depressions (black/gray texture). Two large regions of low amplitude reflections are plotted in gray. Both the depression features and low amplitude regions correlate well with seismic and resistivity.
Hickman, S., T. Lippincott, S. Cardimona, N. Anderson and T. Newton, "Geophysical Site Characterization in Support of Highway Expansion Project," International Conference on the Application of Geophysical Technologies to Planning, Design, Construction, and Maintenance of Transportation Facilities, St. Louis, MO, in press, 2000. 6 undisturbed but displays some anomalous sections delineated in Figure 6 . Line 2 images a reflection more irregular than line 1. Notable anomalies similar to those in line 1 are observed. In addition, some of the reflections seem to be shifted in time indicating possible breakup along the bedrock interface (fracturing). Without further depth control and more accurate velocity information, the depth values must be viewed as only estimates.
Dipole-Dipole Resistivity
Resistivity data can be evaluated for spatial variations in resistivity and qualitative assessment of depth relationships, but no depth estimates are based on this data (Figure 4) . High resistivity values indicating the presence of possible air filled voids are plotted in Figure 7 . Hickman, S., T. Lippincott, S. Cardimona, N. Anderson and T. Newton, "Geophysical Site Characterization in Support of Highway Expansion Project," International Conference on the Application of Geophysical Technologies to Planning, Design, Construction, and Maintenance of Transportation Facilities, St. Louis, MO, in press, 2000. 7 Many of the anomalies from all three methods directly correlate with one another. These are the areas of highest concern. Anomalies from all methods were apparent within three meters of the known sinkhole.
RESULTS OF CORE DRILLING
After joint interpretation of the data was concluded, we recommended several areas for exploratory drilling. The areas were given a ranking based on how many methods indicated anomalies, the strength of those anomalies, and the confidence in the interpretations of the anomalies. Five locations were chosen for coring and they were all drilled in areas that demonstrated anomalous signatures in the geophysical data. The cores showed that the subsurface consisted of a layer of loose soil that was underlain by a thin gravel layer. Under the gravel layer, clayey soil was found and then dolomite bedrock at around 3 m. Two of the cores encountered void space, while the other three encountered heavily fractured bedrock. Four of the drill holes accepted all water during drilling, which suggests that the features encountered are part of a larger system. The cores also contained samples with smooth surfaces suggesting water flow through the area over an extended period of time. The geophysical data indicated problems at all five drill locations and all five cores indicated problems that should be mitigated prior to expansion of the highway in this area.
CONCLUSIONS
Although all three methods used at the site can provide valuable information regarding the subsurface, it is the combination of the three techniques, which provides the most useful interpretations. Each method provided valuable information by which a model of the subsurface can be drawn. The ground-penetrating radar method was successful in evaluating the near-surface soil and weathered bedrock interface that was too shallow for the seismic method to resolve. In contrast, the seismic data imaged the solid bedrock at depths deeper than apparent on the GPR profiles. Resistivity information was unable to resolve a definite boundary between soil and bedrock further indicating that the change was gradational with a weathered zone above solid rock. Thus, the combination of these methods was very successful at complementing one another to provide a complete look at the shallow subsurface. Coring information from near the site provided by MoDOT indicates a point of auger refusal at approximately three to five meters. This refusal depth is within the weathered zone above solid dolomite. Depth estimation of both GPR and seismic methods is limited by a lack of velocity information. However, the lateral correlation of anomalous areas across the three methods was successful and provides spatial information for further investigation. Each method provides a different view of the subsurface properties. Locations where two or three of the methods indicate anomalies should be examined thoroughly. For this reason, we recommended exploratory drilling at several locations across the site. These recommendations were rated based on size of anomalies, number of methods indicating anomalies, and confidence in data. Five cores were drilled and two of them encountered void space while the other three were heavily fractured. The core control supports our interpretations and will allow the geophysical data to be used more confidently for planning the construction of the highway expansion.
